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EXECUTIVE SUMMARY

Coal is a versatile resource that has historically propelled the Industrial Revolution, transportation, and
energy generation, and continues to meet needs for power. The United States possesses the largest
worldwide coal reserves (with a 2019 total production-to-recoverable-reserves ratio of 0.05) that are of
high quality and are cost-effective to recover (i.e., $0.03/kg—$0.10/kg). However, the demand of coal for
power generation has declined because of a shift to natural gas (because of lower natural gas prices) and
to renewable energy sources. This decline has affected the economic viability US coal industry.
Historically, domestic demand for coal was driven mostly by the electric power sector, which accounts
for about 93% of the total demand, followed by industrial uses (primarily for cement and chemicals at a
minimal level) and steel production (coke). The complex, dense carbon chemical structure of coal,
abundant domestic supply, and stable, low price gives it great potential for use in a wide range of value-
added non-fuel coal products (e.g., nanomaterials at $20,000/kg—$100,000/kg and commercial-grade
carbon fiber at $22/kg-$33/kg), as well as in upgraded coal fuels.

High-value coal products based on three major coal conversion manufacturing routes of carbonization,
gasification, and liquefaction—such as fuels, chemicals, carbon fiber, graphite electrodes, electrodes for
aluminum smelters, and specialty carbon products—have so far been limited to the by-products of coal tar
pitch obtained during the production of metallurgical coke used in making steel. Among high-value coal
products, pitch carbon fiber is being considered as one of the potential high-value coal products whose
global demand is projected to reach ~120,000 MT (~$4.5 billion) by 2022 for the near-term large
automotive and wind energy markets. [1] For any new high-value coal products industry such as pitch
carbon fiber, this report focuses on the preliminary techno-economic analysis of its sustainable
manufacturing in terms of energy, emissions, and economic/cost detrimental to its competitiveness
against the conventional petroleum-based polyacrylonitrile (PAN) carbon fiber today.

The supply of coal tar pitch is an issue being raised by the existing small high-value coal products
industry. It is closely tied to integrated steel production, which is projected to decline with a shift toward
electric arc furnaces that use more steel scrap as the input raw material, besides there are active
substitution plans for coal by the hydrogen use in part by CO, emissions in Europe. Alternative direct coal
liquefaction (DCL) technologies such as the low-severity DCL process under development by Ramaco
Carbon (RC) for the potential large amount of supply of initial isotropic pitch for the high-value coal
product market. The RC DCL has been considered here for the specific coal-derived pitch carbon fiber
sustainable manufacturing energy analysis.

For the embodied energy estimation of the initial coal isotropic pitch for the final carbon fiber
manufacturing, three alternative DCL processes of isotropic coal pitch manufacturing were considered
from the following organizations: RC, Shenhua China, [2] and National Energy Technology Laboratory—
US Department of Energy (NETL-DOE). [3] In all the processes, the mass conversion efficiency of coal
to valuable products were between 50% and 66% while the energy efficiency values varied between 67%
and 87%, computed based on the net heating value varying owing to differences in each process mass and
energy demand. From the mass conversion standpoint, the highest conversion efficiency at 66%
(moisture-ash free coal basis) was observed for the NETL-DOE process owing to it use of advanced
reactor conversion based on the ebullition bed that maintains catalyst activity and increases yield relative
to other DCL processes. However, from an energy standpoint, the RC process possessed the highest
efficiency based on the preliminary available data; its on-site energy demand was half of that reported for
other two DCL processes (Shenhua and NETL-DOE extraction process). More actual operating
conditions data with the development of the RC process would be useful to identify the attractiveness of
this energy-efficient DCL technology compared to the other past DCL technologies.
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The embodied energy estimates of coal tar pitch via two different processes—the RC process and the
conventional coke manufacturing process—were found to be 56 and 38 MJ/kg, respectively, compared
with 94 MJ/kg for the conventional PAN precursor. A larger amount of on-site energy use besides the low
amount of desired pitch output (i.e., 26% mass conversion efficiency) resulted in a higher energy content
of RC pitch. The cradle-to-gate (from raw coal extraction to final carbon fiber manufacturing) embodied
energy estimates were made for the pitch carbon fiber vs. the conventional PAN carbon using the life
cycle analysis SimaPro software, starting with the raw isotropic pitch followed by its sequential
conversion into mesophase coal pitch precursor and finally the multi-step automated final carbon
conversion. The total embodied energy of pitch carbon fiber manufacturing was 2.4 to 2.5 times lower
than the conventional PAN carbon fiber energy of 1,188 MJ/kg. A significantly higher final carbon fiber
conversion yield of 74% of coal pitch fiber compared with 45% for the PAN fiber facilitates in the lower
embodied energy of the former fiber case, in spite of a significantly higher energy content of initial PAN
precursor. A significantly higher pitch carbon fiber conversion yield than 45% conventional PAN fiber
yield will be one of the major drivers for twice the less energy efficient conventional DCL processes and
the RC process under development for the initial raw precursor material manufacturing (i.e., PAN vs. coal
tar) to the competitiveness of the final energy-efficient coal pitch carbon fiber manufacturing pathway.

The emissions analysis of coal pitch vs. the conventional PAN carbon fiber was also considered, the
former based on a plantwide emissions analysis of RC process using air permit applications filed by
Domestic Synthetic Fuels I and Copper Creek Chemical Facility in 2020. Pollutant emissions of 17
species were estimated based on per unit mass of isotropic coal pitch manufacturing, and of all the
pollutants, particulate matter (PMr.,;) was observed to be the largest quantity of emissions. Furthermore,
the coal tar distillation unit emitted nearly 80% of the total gaseous pollutants followed by sections of
hydrogen (H,) section (8%), utilities (5%), H-coal (4%) and coal handling (3%).

One of the major concerns of coal processing has been the polyaromatic hydrocarbon (PAH) emissions,
of which 12 pollutants (known as US Environmental Protection Agency [EPA]-PAHs) are currently
regulated and have also been considered in the emissions impact analysis of coal pitch carbon fiber. The
PAH concentration in coal has been reported to vary by its rank and location source. Additionally, the
total concentration of intermediate molecular weight EPA-PAHs (fluoranthene, pyrene, and
benzo[a]anthracene) were reported to be typically higher than low— and high-molecular weight EPA-
PAHs in all three pitch types considered in the analysis. Nine environmental impact categories considered
under the TRACI2.1 life cycle analysis impact method were considered in the comparative coal pitch
carbon fiber emissions analysis, and all of them were found to be lower, and mostly less than 50% of the
conventional PAN fiber because of higher manufacturing yield of the coal pitch fiber conversion process
as impacts were more than 80% under two impact categories i.e., ozone and fossil depletion. Nine
environmental impact categories considered under the TRACI2.1 impact assessment method does include
7 out of 12 EPA-PAH chemicals besides toxicity impacts of missing five chemicals were found to be
negligible with respect to the baseline toxicity of Benzo(a)pyrene chemical. Not only the PAH controlled
equipment use is limited today due to a lack of EPA regulation enforcement, but difficulties in the
conversion of actual LCA mass emissions per unit of manufactured mass output to total EPA-PAH limit
in terms of mg/m?3 fail to assess accurately its overall environmental impacts. Additional environmental
impact analysis of coal pitch carbon fiber manufacturing is needed to consider the on-site manufacturing
process emissions including remainder PAH emissions after being condensed, captured, and processed for
the comparative environmental viability of new fiber manufacturing technologies.

Coal pitch fiber manufacturing cost was estimated at the level of two major process steps: conversion of
isotropic pitch to melt spinning of mesophase pitch precursor followed by its final carbon fiber
manufacturing in a multi-step batch belt ovens using the preliminary industry processing data. The
estimated total mesophase pitch precursor cost of $4.52/kg was found to be higher based on the assumed
significantly lower yield of 50% than the earlier projected cost of $3.30/kg for the residual oil-based
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ACP20 mesophase pitch developed by Advanced Carbon Products. The baseline 50,000 tow significantly
higher than the commercially available tow pitch carbon fiber sizes, its cost for an annual production
volume of 3,750 tonnes/year is estimated to be $10.29/kg resulting from not only a lower precursor cost
but a significantly higher carbon fiber conversion yield than for the commodity-grade PAN carbon fiber
at $18/kg—$22/kg. Fiber precursor cost contributes to more than 50% of total fiber cost; hence, a 74%
fiber conversion yield for the coal pitch fiber compared with 45% for the conventional PAN fiber
provides a significantly lower carbon fiber cost in the former case. For this potential product, an adequate
supply of low-cost coal tar pitch in addition to the supply needed for competing applications is critical.
The use of pitch carbon fiber will be limited initially to specialty market applications requiring low
compressive strength, for which this type of carbon fiber is best suited.
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1. COAL INDUSTRY

The United States has the largest estimated global coal reserves in the world. (Russia, Australia, China,
and India—in declining order—are the other countries with substantial recoverable coal reserves.) As of
2016, of the total estimated global recoverable coal reserves of 1 trillion MT [4], the United States has
about 22%, or 220 billion tonnes [4]. Most of the coal produced in the United States has been used for
electricity generation. However, during the past decade, cheaper natural gas and clean energy alternatives,
as well as flat electricity demand, have resulted in a domestic decline in demand for coal. The declining
demand has resulted in plunging coal production, which is causing financial hardships for the coal
industry and a loss of jobs in coal mining areas. The number of people employed in coal mining in the
United States has decreased from its highest level of 90,000 in 2012 to ~50,000 today.

A recent economic analysis of the Appalachian coal industry ecosystem examined the ripple economic
impacts of diminishing coal extraction through the industry supply chain, which extends to a wide
number of economic sectors, occupations, and county and multi-county regions of the Appalachia [5].
The job losses are due not only to the decline in coal-fired power generation but also to the shifting
structure and spatial locations of power generation, which create additional impacts on the economic base,
tax base, and employment prospects. Additionally, the regional rail transportation infrastructure faces a
risk of declining traffic that may translate into higher transportation costs and diminished opportunities
for economic development tied to the movement of bulk commodities, mining supplies, and products.
Coal consumption in these traditional areas, such as electricity generation, is projected to remain low;
therefore, new high-value products that can be derived from the country’s vast coal reserves must be
identified. Economics and environmental sustainability are two important aspects that need to be kept in
mind while new coal conversion technologies for a high-value coal products industry are being
considered.

1.1 US COAL SUPPLY AND DEMAND

In 2019, 706 million tonnes of coal were produced in the United States, which is about 5% of the total
recoverable reserves of 14.2 billion tonnes at producing mines [4]. Error! Reference source not found.
shows the distribution of US coal reserves along with the types of coal available in different regions [6].
Generally, US coal reserves and production can be attributed to six major coal-producing regions:' the
Appalachia, Interior, Gulf, Dakota, Wyoming, and Rocky Mountains are major US coal-producing
regions, of which Wyoming accounted for about 39% of the country’s 2019 total coal production; other
prominent coal-producing states are West Virginia (13%), Pennsylvania (7%), Illinois (6.5%), and
Kentucky (5%) [7].

! Appalachia: Pennsylvania, Maryland, Ohio, Northern West Virginia, Southern West Virginia, Virginia, Eastern
Kentucky, Northern Tennessee, Alabama, Southern Tennessee; Interior: Illinois, Indiana, Mississippi, Western
Kentucky, lowa, Missouri, Kansas, Oklahoma, Arkansas, Texas (bituminous); Gulf (lignite only): Texas, Louisiana,
Arkansas; Dakota: North Dakota, Montana (lignite), Montana (bituminous and subbituminous); Wyoming:
Wyoming portion of Powder River Basin, Wyoming other than Powder River Basin; Rocky Mountain: Colorado,
Utah.



Coal fields of the conterminous United States—National Coal Resource Assessment updated version
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Figure 1. Distribution of coal resources [6].

Coal is a relatively inexpensive resource compared with petroleum at a price range of $0.03/kg to
$0.10/kg, depending on its rank, grade, mining method, and geographic region. The thinner and deeper
deposits of the Appalachia are difficult to mine and therefore cost more than coal mined from the western
Powder River Basin. The Powder River Basin, covering Wyoming and Montana, is one of the largest
repositories of coal in the United States. The coal there lies in thick seams near the surface, which makes
it easy to mine using large machinery; it is the most affordable US coal, costing as low as $15/ton [8] in
the United States. The ease of mining, coupled with its low ash and low sulfur content, makes Wyoming
coal attractive for high-value applications with such initial raw coal type requirement. Ramaco Carbon
(RC) is setting up a first-of-a-kind world’s only vertically integrated carbon resource-based research,
development, and production facility in Sheridan, Wyoming to develop products from the locally
available inexpensive coal. Transportation costs, as well as mining costs, can be significant and result in a
higher final delivered coal price; therefore, mine mouth projects are economically preferable.

The total estimated 2019 US demonstrated reserve base of 430 billion tonnes compared with 13 billion
tonnes of recoverable reserves [9] and, at the current production level of 642 million tonnes [7], is
expected to last for around 670 years or considerably less (~20 years) in the latter case. The low total U.S.
production to reserves ratio of 0.04 means that opportunities for increasing coal production are available
if new demands for coal-based products/services emerge in future. Arkansas (Interior Region),
Mississippi (Interior Region), Alaska, Arizona (Wyoming Region), and North Dakota (Dakota Region)
are the states with the lowest production to reserve ratios (Figure 2).
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Figure 2. Estimated 2019 US recoverable coal reserves and current production.

Despite the large reserves, coal production has declined over the years. A 37% drop in coal production
was observed from 2006 to 2016 [10], which coincided with the drop in the cost of natural gas and its
replacement of coal in electricity generation with the decline of the cost of utility-scale solar and wind.
Although production in 2017 saw an increase of 6.5% over 2016, the increase was mostly driven by an
increase in exports due to a recovery in Asian coal demand. The Annual Energy Outlook 2018 of the US
Energy Information Administration forecasts that domestic coal production will continue to be flat in the
future as shown in Figure 3. Among the different regions, coal production in Wyoming is expected to be
high in the future, which makes a strong case for greater development of the coal industry in that state.
Coal production from the Appalachia is expected to decline but this supply deficiency may be filled in by
increased production from Kentucky and from Illinois in the Eastern Interior region.
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Most of the coal produced in the United States is consumed domestically; only a small portion, ~7%, is
exported. Domestic demand for coal is driven mostly by the electric power sector, which accounts for
about 93% of the total demand, followed by industrial use and steel production (the coke industry).
Domestic consumption of coal declined from by 14.8% [12] from the 2018 level to 533 million tonnes in
2019 and continues to decline. Most of this decline can be attributed to a decrease in consumption by the
electric power sector, which decreased by 34% over that decade, from 931 million tonnes in 2006 to 615
million tonnes in 2016 [13]. According to the Annual Energy Outlook 2018, coal consumption is expected
to remain flat in the future as a result of its replacement by natural gas and renewable energy sources for
power generation. Demand from other industrial sectors and coke production is also expected to remain
flat. Some relief for coal producers in 2017 came from a rebound in the global demand for coal, reflecting
an uptick in demand in China and India.

The International Energy Agency projection in 2018 indicates coal demand to flatten at around 5,400
million tonnes of coal; falling consumption in China (—15%), the European Union (—65%), and the United
States (—30%) is balanced by rising demand in India (+120%) and Southeast Asia (+120%) [14]. The
prospects for the United States as an exporter of coal to the countries expecting a high demand depend
heavily on competition from other major global suppliers (such as Australia) that are geographically
closer to those markets. It will also depend on the interplay of alternative resources such as renewables
and natural gas to fuel the energy needs of these nations. Although the flow of new coal projects starting
operation will slow sharply post-2020, coal remains a viable resource in the global power mix because the
average age of a coal-fired plant in Asia is less than 15 years, compared with ~40 years in advanced
economies.

The US coal industry is highly concentrated, with a handful of producers operating primarily in four
states—Wyoming, West Virginia, Kentucky, and Illinois. Three top producers, Arch Coal, Peabody
Energy, and Alpha Natural Resources (ANR), have filed for bankruptcy since 2015 [15], demonstrating
the financial troubles faced by the coal industry. In the wake of flat domestic demand and uncertain global
demand, revival of the US coal industry calls for diversifying the use of coal toward making high-value



products. Doing so will ensure that this abundant and inexpensive natural resource is optimally used and
will help create new employment opportunities in coal states. Lower volatility in coal prices compared
with crude oil and natural gas prices and flat price projections by the US Energy Information
Administration make coal a reliable feedstock for carbon-based high-value products.

2. HIGH-VALUE COAL PRODUCT MARKETS

The combustion of coal for power and heat generation is predicted to gradually decrease as nations seek
to lower CO, emissions. A declining demand trend in coal for power generation is providing opportunities
for using coal for non-energy purposes. Non-energy uses of coal are growing in all sectors, and
cumulatively, the total requirement for coal feedstocks for those purposes exceeds 100 Mtonnes/year. [16]
Today, the coal-to-chemicals industry is the fourth-largest consumer of coal after the power, steel, and
cement sectors. Other commercial uses for coal include the synthesis of activated carbon, carbon fiber,
composite materials, carbon electrodes, and asphalt cement binders and modifiers for the pavement and
roofing industries. [17] There are three main processes for coal conversion to alternative valuable
products: carbonization, gasification, and liquefaction. Coal carbonization has been the traditional source
of coal chemicals, tars, or liquids as by-products from coke ovens. Coke production has steadily
decreased in the past decades because of a downturn in the steel industry and a shift in that industry away
from blast furnaces to electric arc furnaces and the coal replacement by hydrogen playing a major role in
the this industry in future. Major uses of coal today include alumina refining, paper manufacturing, and
chemical and pharmaceutical production. Domestically available inexpensive coal in the price range of
$0.03/kg to $0.10/kg is a potentially valuable alternative resource for high-value products such as
nanomaterials at $20,000/kg to $100,000/kg and commercial-grade carbon fiber at $22/kg to $33/kg.

The market share for products currently made from conventional resources, such as petroleum, that could
potentially be made instead from coal (Table 1) will depend on the cost-benefit trade-offs between the
two competing resources (i.e., conventional resources vs. coal). The total market size for chemicals that
could be produced via coal gasification and liquefaction is fairly large compared with other potential
nonchemical coal products based primarily on coal carbonization. The global methanol market size based
on natural gas and coal is projected to reach $75 billion by 2024 [18], at a compound annual growth rate
of 12.4% [19]. The increasing use of methanol as a fuel in the automotive industry, increasing olefin
production from (methanol to olefins/methanol to propylne (MTO/MTP) plants in China, increasing
petrochemical demand globally, continuous expansion, and various joint ventures and agreements
undertaken by different companies are the key factors for the growth of the global market. The current
market for global syngas chemical products—consisting mainly of methyl tertiary-butyl ether,
formaldehyde and resins, acetyls, and methanol—is larger than the methanol market but is projected to
reach a similar level of $75 billion by 2024 because of an anticipated compound annual growth rate of
9.1%, according to one estimate [20]. On the contrary, the coal gasification market is projected to be
significantly smaller, reaching ~$1 billion by 2024. Of four major coal gasification markets—chemicals,
liquid fuels, power, and gaseous fuels—chemicals dominate the total market.

Table 1. Potential major high-value coal products markets.

. Market size ($B)
High-value coal product

2018 2024
Methanol (global) [19] $37 $75
Syngas chemicals (global) [20] $51 $75
Coal gasification (global) [18] $0.69 $0.96
Naphthalene (global) [21] $1.6 $1.9
Rare earth metals (global) [22] $11 $20




Carbon fiber (global) [23] $3 $6
Activated carbon (USA) [23] $1.0 $2.2
Nanomaterials (global) [24] $26 $80
Graphene (USA) [25] $0.01 $0.06
Graphite (global) [26] $15 $21
Building thermal insulation (global) [27] $28 $35

These chemicals are mostly manufactured from petroleum, and so a stable domestic and less expensive
resource such as coal could potentially be a viable resource for this large market. One of the major
hurdles to the coal-to-chemicals market has been cost. The recent declining price trend of petroleum and
the availability of an abundant, less expensive alternative domestic resource such as natural gas poses
additional challenges for coal as a viable alternative resource for the chemicals market.

Nanomaterials, such as nanotubes, fullerenes, graphene, and quantum dots, are a few of the major
potential high-value coal by-products of coal carbonization, for which the global market is projected to
increase more than threefold in less than a decade, from an estimated total $26 billion market today [24].
The factors that drive the demand for nanomaterials in various end-user industries, such as paints and
coatings, energy, and electronics and consumer goods, are growing investments in research and
development, the increasing popularity of nanomaterials in various industries, and the excellent physio-
chemical properties of nanomaterials. Graphene, one of the three major markets for different types of
carbon-based nanomaterials, has a relatively insignificant market share of less than $1 billion compared
with the overall estimated market size. Other potential major markets for high-value coal products from
coal carbonization include graphite and building thermal insulation. As with other coal carbonization—
based high-value products, the availability of coal pitch at a reasonable quality and cost will dictate the
extent of market penetration.

2.1 COAL PITCH CARBON FIBER

Carbon fiber is being considered as one of the key reinforcement materials in polymer composites, with
anticipated growth in several lightweighting applications such as automobiles and aerospace because of
its excellent weight and performance benefits. The main technical benefit of using carbon fiber for most
applications is the material’s high strength-to-weight performance, which leads to lightweight, more
efficient structures. It is estimated that every 10% of vehicle mass savings results in a 6%—-8%
improvement in fuel economy, [28] In most applications, the main technical benefits of carbon fiber
derive from the high strength-to-weight performance of the material, leading to lightweight

structures. Carbon fiber reinforced polymer (CFRP) composites also enable the extension of the blade
length in wind turbines. Longer blades result in more wind energy captured per turbine and allow the
development of mid- and lower-wind speed resources that might be impractical given the limitations of
conventional glass fiber—reinforced polymers. Other potential CFRP applications include pressure vessels,
oil and gas industry uses, and civil infrastructure, in addition to the current uses in sports equipment.

The market for carbon fiber continues to grow at 10% to 12% per year [1]. In 2019, global demand for
carbon fiber totaled ~100,000 tonnes (~$3 billion) and was projected to reach ~120,000 tonnes (~$4.5
billion) by 2022. The growth in 2019 was led by incremental volume gains in carbon fiber use in
aerospace programs, wind turbine blades, and a variety of industrial applications. Worldwide, CFRP
accounts for 1%—2% of the market for fiber-reinforced composites. In 2019, global demand for CFRP
was estimated at 141,500 tonnes or $18 billion compared with 125,500 tonnes in the previous year [29].
That corresponds to a growth of 10.1%—a slightly lower rate than in recent years and projected to reach
197,000 tonnes by 2023. Continued growth at this rate is expected for the foreseeable future. Aerospace



and wind blade applications each made up about one-fifth of the market, while automotive and sporting
goods accounted for approximately one-sixth each. The remaining 25% to 30% of the market comprised a
variety of applications, including compounding for injection-molded plastics, pressure vessels,
construction and infrastructure reinforcement, tooling, marine, and oil and gas[1].

All segments are growing as additional applications and programs come into production. It is predicted
that wind energy would have a similar share as the automotive industry. To date, the most automotive
composites applications in order of volume are under-the-hood components and drive shafts, exteriors,
and interiors. The market for CFRP in automotive applications continues to grow and is expected to reach
~23,000 MT by 2025 from 19,000 MT in 2019 [30]. The initial CFRP automotive application occurred in
premium vehicles such as BMW 13/i8 earlier during the last decade, and its latest introduction in 2019
Audi A8/RS vehicles. For carbon fiber to gain a greater share of the overall composites market, volume is
key. High-volume applications and broader adoption of CFRP composites require lower costs—both the
costs of carbon fiber materials and the manufacturing costs of making CFRP parts.

Pitch-based carbon fiber is another type of fiber produced by the carbonization of an oil/coal pitch
precursor. It has extensive favorable properties ranging from low elastic modulus to ultrahigh elastic
modulus. The substitution of coal tar pitch for conventional petroleum-based polyacrylonitrile (PAN) is
considered to be a more economical route than the conventional carbon fiber manufacturing. An
advantage of the production of pitch-based fibers over PAN-based fibers is that the former does not
require constant tension on the fibers at all processing stages. Pitch is an isotropic viscoelastic material,
but it can be made anisotropic through the use of heat treatments. However, the most important factor in
carbon fiber production is mesophase pitch because it allows melt spinning of anisotropic mesophase
pitch without filament breakage. Mesophase pitch is made by polymerizing isotropic pitch to a higher
molecular weight. Pitch-based carbon fibers have been found to be more sheet-like in their crystal
structure, as opposed to PAN-based carbon fibers, which are more granular.

Pitch carbon fibers with ultrahigh elastic modulus are extensively used in high-stiffness components;
various non—crash-sensitive automotive applications requiring high thermal conductivity and electric
conductivity (e.g., liners, covers, load floor, and fascias), and high-end applications in the aviation,
aerospace, and motor sport sectors. High-quality pitch fiber is deployed in spacecraft materials and can
exhibit exceptional thermal conductivity properties. Compared with PAN-based carbon fibers such as
Grafil and Pyrofil, the major pitch-based carbon fiber available today, DIALEAD, has a tensile modulus
that is several orders of magnitude higher—in the range of 400 to 1,000 GPa. A wider range of tensile
modulus is observed for pitch fiber, which is attributed to variable feedstock and preparation conditions.
However, it has a lower tensile strength than PAN because of the presence of flaws in the carbon
filaments that may be caused by insoluble components in the tar pitch. The low compressive strength of
pitch-based carbon fiber is a major reason for its current limited, low-volume specialty market
applications.

The global pitch carbon fiber market today is relatively small with the PAN-based carbon fiber
dominance, and it is expected to have a compound annual growth rate of 6.4% to reach ~$104 million by
the end of 2023 [31]. The rising demand for carbon fibers in the aerospace and defense industry is
ensuring the stable revenue source to the growth of the global pitch-based carbon fiber market.
Additionally, the growth in the wind energy sector is another major factor expected to fuel the growth of
the market. Furthermore, the increasing demand for carbon fibers in the automotive industry is projected
to offer growth opportunities for the players operating in the market during the forecast period. However,
the current high cost of pitch-based carbon fibers has increased the preference for low-cost PAN-based
and fiberglass substitutes, which is projected to be the major restraining factor to the growth of the global
pitch-based carbon fiber market during the forecast period. Asia-Pacific, with the largest market share by
China, accounted for the largest market share of 36.2% in 2018, with a compound annual growth rate of



higher than 7.0% during the forecast period because of rapid industrial growth and growing aerospace and
power generation industries, including renewable energy in the region. [31] North America was the
second-largest regional market in 2018, with a compound annual growth rate of higher than 6.0% during
the forecast period owing to the growth of aerospace and defense industries along with the increasing
application of pitch-based carbon fiber in sports and construction industries.

Pitch fiber is dominated by small tows (less than 24,000), which hold a ~70% share (in terms of tonnage)
of its total market today. Table 2 shows three major pitch carbon fiber manufacturers, including the raw
material resource used, available fiber forms, and market applications for each manufacturer. DIALEAD,
manufactured by Mitsubishi Chemical Corporation, is the most commonly used pitch-based carbon fiber.
It is characterized by high vibration damping, high thermal conductivity rates, and excellent tension
modulus. Mitsubishi Chemical Corporation has the largest pitch carbon fiber production capacity in the
world (1,000 tonnes/year) currently, with a 71% share of total worldwide capacity [32]. Besides being the
largest manufacturer todays, it is the producer with the least costly available pitch carbon fiber, in the
range of $88/kg—$110/kg. Its pitch carbon fiber is 100% coal-based and is predominantly a large fiber tow
(12,000-16,000—equivalent to 24,000-30,000 tow PAN carbon fiber). Mitsubishi Plastics (Tokyo) and
Mitsubishi Rayon (business companies whose common holding company is Mitsubishi Chemical
Holdings Corporation) have plans to integrate the pitch-based carbon fiber business of Mitsubishi Plastics
and the PAN-based carbon fiber business of Mitsubishi Rayon to enhance the carbon fiber and composite
materials business. Lightweight, high-performance CFRP drive shafts using Mitsubishi chemical pitch for
the BMW M3/M4 model have shown ~50% mass savings compared with the earlier steel version. [32]

Table 2. Worldwide pitch carbon fiber manufacturers.

Pitch fiber supplier . o
(resource/fiber tow size) Fiber form (brand name) Applications
Mitsubishi Chemical Corporation, | DIALEAD—Ilarge tow (fiber Automotive, aerospace, industrial
Japan (coal/large tow) [continuous, chopped, and machines, and civil infrastructure
milled], fabric, and prepreg)
Nippon Graphite Fiber GRANOC—small tow (fiber, Aecrospace, satellite, sports and
Corporation, Japan fabric, and prepreg) recreation, industrial, civil
(coal and petroleum/small tow) engineering, and thermal
management
Cytec Solvay, USA THORNEL and ThermalGraph— | Aerospace (e.g., carbon-carbon
(petroleum/small tow) small tow (fiber [continuous, composite brakes)
discontinuous, and milled] and
prepreg)

The other two major manufacturers are Cytec Solvay in South Carolina, USA, and Nippon Graphite Fiber
Corporation, with shares of 16% and 13%, respectively, of the total worldwide pitch carbon fiber
production capacity. Cytec Solvay is the smallest pitch fiber producer, and its products are completely
petroleum-based because the company is a spin-off from American Cyanamid Company, a major
manufacturer of industrial chemicals and specialty chemicals. Fibers produced by both of these small
manufacturers are small tows and are limited in production volume. The fiber is highly expensive, as high
as $440/kg. Most applications of Cytec Solvay fiber are in aerospace carbon-carbon composite
applications such as brakes.

Table 3 shows the estimated potential US supply value-chain of pitch carbon fiber manufacturing if all
available US coal tar pitch from coke production were available for carbon fiber. About 10% of the total
US 2019 coal production of 642 million tonnes was metallurgical coal. [33] Of the total 64 million tonnes
of metallurgical coal production, 13 million tonnes of metallurgical coke was produced, resulting in final



coal pitch production of 0.35 million tonnes in 2019. Because of several blast furnace restarts, the demand
of metallurgical coke declined further with the falling steed from the COVID-19 pandemic [34].
Assuming production yields of 50% and 76% (based on 80% chemical yield) for conversion of coal pitch
to mesophase pitch, followed by final pitch carbon fiber production, respectively, the total values of pitch
precursor and fiber are estimated to be $0.9 billion and $2.2 billion, respectively. The total 2019 pitch
carbon fiber market value of $2.2 billion is conservative. It is based on meeting the long-term US
Department of Energy carbon fiber cost target of $11/kg and converting all the 0.35 million tonnes of coal
tar pitch from coke production in 2019 into pitch carbon fiber. The total 2019 pitch carbon fiber market
value could be 8 to 10 times the estimated conservative market value based on the current large-tow pitch
carbon fiber market price of $88/kg—$110/kg.

Table 3. Potential 2019 US supply value-chain of pitch carbon fiber manufacturing.

Market Anthracite/ Mesophase Pitch
Coal metallurgical Coke Coal tar | Coal tar pitch | pitch carbon carbon
Parameter
coal fiber precursor fiber
2019 642 [33] 64 [33] 13 [33] 0.7 0.35 0.18 0.13
production
(million MT)
2019 product | $0.03 $0.11 [35] $0.16 [36] | $0.40 [37] $0.70 $3.30 $11.00
price ($/kg)
2019 value $19 $7 $2.1 $0.28 $0.25 $0.6 $1.5
($B)

2.2  PITCH CARBON FIBER MANUFACTURING ENERGY

Direct coal liquefaction (DCL) is an alternative route for the initial raw coal tar manufacturing for coal to
products by synthesizing liquid hydrocarbon distillate products from a coal’s aromatic structure. DCL
process increases the H/C ratio from approximately 0.8 to 2 through the addition of H, to coal [38]. This
coal liquefaction process can be divided into two categories, namely hydro-liquefaction through catalysts
and solvent extraction. The former process necessitates the addition of H, to coal under high temperature
(450 °C) and pressure (200 bar) conditions in the presence of a catalyst whereas the latter process adds H,
through H,-rich donor solvents like anthracene, tetralin etc. to coal under mild temperature and pressure
conditions in the absence of a catalyst. In both processes, the chemical bonds within coal’s structure get
ruptured into molecular fragments and H, stabilizes these fragments of free radicals to generate
hydrocarbon liquids and other commercially valuable products such as gasoline, diesel, naphtha, and
pitch.

In this work, energy and environmental emissions analyses of coal to hydrocarbon products were
performed with a focus on pitch tar hydrocarbon product using the hydro-liquefaction technology. Figure
4 depicts the process flow diagram for producing pitch from coal. In the first step, raw coal is pulverized
and introduced to the slurry mixing tank with a proprietary solvent and solvent-to-coal ratio. This slurry is
then heated to 450 °C and pumped to 190 bar prior to introducing it into the reactor. Coal gets
decomposed in the reactor because of high temperature and gets solubilized into liquid form. Hydrogen is
then added to dissolved coal in the reactor to increase the H/C ratio, thereby yielding isotropic pitch as
one of the final end-products.
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Figure 4. Process flow diagram of synthesizing isotropic pitch from coal (Ramaco Carbon process).
2.3 MASS AND ENERGY BALANCES OF DCL PROCESS

In this section, mass and energy balances of the RC DCL processes were conducted and compared with
the past work by RC, Shenhua, and the National Energy Technology Laboratory—US Department of
Energy (NETL-DOE) [39] [2] [3]. Using the material balance for the DCL unit from the industry
literature (RC) and the net calorific values of value input and output materials [40] as shown in Error!
Reference source not found., the energy balance for all four DCL processes considered here was
estimated.

Table 4. Net calorific values of materials. [40]

# Component Net calorific value (MJ/kg)
1 Diesel 42.35

2 Coal 27

3 Gasoline 43.65

4 Liquefied petroleum gas 48.5

5 Electricity 3.6 MJ/kWh

6 Oil residue 40.75

7 Kerosene 43.69 [41]
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8 Naphthalene 44.5
Benzene 40
10 Xylene 43.38
11 Phenol 32.46
12 Pyrolytic gas 8
13 Char 28.13
14 Hydrogen 130
15 Natural gas 47
16 Ammonia 22.5
17 Sulfur 9.2
18 Gas oil/light oil/Anthracene 40.73

The RC process is based on technology scheme developed by Axens and Headwaters Technology
Innovation (HTI, Inc), known as the low-severity DCL process. The process occurs in absence of the
catalyst with no continuous demand of solvent. A proprietary solvent gets introduced to the process
during initial plant start-up and gets recycled during the plant’s steady state operation (Figure 4). The
mass and energy balance of RC process includes the steam methane reforming section along with DCL
and refining sections as shown in Figure 5. The steam methane reforming unit produces H, from methane
via two reactions (i.e., endothermic steam methane reforming and water-gas shift). Natural gas is
provided to the steam methane reforming endothermic reaction as a heating energy input in addition to
material input. As illustrated in Figure 5, only 14% of the total natural gas fed to the steam methane
reforming unit is used as heating energy input while the rest is used for material conversion to H,. The
generated Hj, is then fed to the RC process unit along with pulverized coal to generate valuable products
such as distillate, isotropic pitch, char, and pyrolytic gas.

Emissions, mass losses:
CO, emissions, mass losses: 0.408 kg (4.48 MJ)
0.098 kg (1.12 M)

NG as material input: Coal:
0.12 kg (5.64 MJ) kg =—*

ey Disfillate: 0.33 kg

EEE—
h:et?h‘::e ) (13.44MJ)
N?)??Tll(: “ Reforming » Isotropic pitch: 0.21 kg
(6.58 MJ) — (SMR) H, produced: Includes DCL reactor + (7.87 M)

NG as heating

0.042 kg refining units
energy Input (546 MJ) Electicly: Char: 0.27 kg (7.59 MJ)
0.02kg (0.94 MJ) 0,52 kWh (1.89 MJ) ey Pyrolytic gas: 0.12 kg

(0.97 MJ)

= Energy flow

Pyrolytic gas: 0.087 kg (0.7 MJ)

ey Masss flow

Figure 5. Mass and energy balances of the RC DCL process [39].

The energy requirement of the RC process was low with the only external electrical energy source use
without any thermal energy requirement. The RC process thermal energy demand was reported to be
adequate by using recycled pyrolytic gas as a combustive energy source. The mass yield of pyrolytic gas
from coal was 20% (dry coal basis) and was similar to a reported value of 8%—14% based on the mass of
lignite coal that comprised nearly 37%—-39% of the total moisture [42]. The overall process product yield
was ~56% of the total input mass in terms of valuable outputs such as distillate, isotropic pitch, char, and
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pyrolytic gas resulting from the low liquefaction process inefficiency and emissions. The reactor outputs
are distilled and separated in a distillation column to obtain final products as distillate, isotropic pitch, etc.

The Shenhua, China DCL technology is currently used for manufacturing hydrocarbon liquids such as
gasoline and diesel at the estimated breakeven costs for this facility of $35-$40 per barrel of oil (Figure
6). [43]. Bituminous coal containing ash and moisture at 3.34 and 6.7 wt %, respectively, from the
Shengfu coal mine was procured and used in this analysis [44]. The facility produced its own on-site
electricity through combustion of coal. Hydrogen gas consumption was 6.5 wt % of ash-free coal [45].

Emissions, mass losses, etc.: 0.56 kg (18.06 MJ)

Coal: Coal:
111 k Tkg (27 M)
@9.97 M) | ———» Diesel: 0.20 kg (8.47 MJ)
' —»Gasoline: 0.05 kg (2.18 MJ
0al0.11kg (297 M) pyenased electricity : Elechicity : 1.23 kWh ' g (218 M),
2.56E-5 kWh (9.25E-5 MJ) 1 (4.43 M) = Naptha: 0.02 kg (0.89 MJ)
el e Xylene: 0.01 kg (0.43 MJ;
Electricity : CO, emissions, mass losses: reactor + reﬁning > Benzene: 0,005 kg (0.2 MJ)
123 kWh (443 M) olka M) units > 1PG: 0.005 kg (0.24 MJ)
H,: 0.06 kg (7.8 MJ) Phenol: 0.001 kg (0.03 MJ)
Natural gas
0.2 kg (9.4 MJ)

Fuel gas.: 0.02 kg (1.05 MJ)

Fuel gas.: 0.04 kg (1.93 MJ)

Oil residue: 0.17 kg (6.8 MJ)

b Energy flow

—_— Mass flow

Figure 6. Mass energy balance of Shenhua, China DCL plant.[2].

The technology used in the Shenhua plant was developed by Hydrocarbon Technologies in 1997. The
process used two back-mixed reactor stages with a proprietary iron catalyst, operated at 170 bar and
400°C—460°C [45].The Shenhua process plant differs from the RC process in that it mainly focuses on
producing hydrocarbon liquids while the latter process mainly generates pitch. Therefore, the distillation
in refining units of Shenhua plant separate different hydrocarbon liquids (e.g., gasoline, diesel, etc.)
whereas the distillation columns of the RC process mainly separate isotropic pitch and distillate.

The NETL-DOE process comprised a technology developed by Headwaters CTL in 2010 and comprised
a two-stage hydro liquefaction reactor with a dispersed iron catalyst. The main objective of the process
was to produce transportation fuels from bituminous coal [3]. The process uses a hydrocracking
technology based on the ebullated-bed reactor system that fluidizes the catalyst bed by the rising H,, feed
oil, and recycled reactor liquid. Similar to the Shenhua process described earlier, the NETL-DOE process
also uses a two-stage reactor system and mainly produces hydrocarbon liquids as opposed to pitch
produced by RC. The hydrocarbon yields (C3 and higher) were 66 wt % from coal (moist, ash-free basis).
The two-stage hydro-liquefaction unit was operated at 460 °C and 180 bar.

Figure 7 shows the NETL-DOE process flow based on the mass and energy (net calorific value basis)
balances for the liquefaction unit (DCL unit) and refining section. Coal conversion process to main
distillate products, such as liquefied petroleum gas, gasoline, and diesel, is illustrated in Figure 7. Of all
the distillate products, most of the inputted energy resided in gasoline followed by kerosene, diesel, gas
oil, and liquefied petroleum gas (in descending order). Owing to similar net calorific values (MJ/kg,
Error! Reference source not found.), the mass content of inputted raw materials within distillate
products also showed a similar trend as its energy content, with the largest mass output in gasoline
followed by kerosene, diesel, gas oil, and liquefied petroleum gas (in descending order).
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Figure 7. Mass-energy balances of NETL-DOE DCL process [3].

An alternative solvent extraction process for the DCL being developed at the University of Kentucky
based on the earlier work [46] differs from the three aforementioned DCL processes in its main output
being tar pitch from raw coal in lieu of hydrocarbon liquids such as gasoline, kerosene, etc.

8
i
53
e 4
£
>
b3 2
33
Ll

0

Ramaco Carbon (RC) Shenhua Plant NETL-DOE
® Thermal energy u Electrical energy

Figure 8. Energy demand (MJ) of different DCL processes per unit mass of input coal (kg).

Mass and energy balances were also estimated for DCL processes available in the literature. Figure 6 and
Figure 7 depict the mass energy balances for Shenhua and NETL-DOE processes, respectively. The mass
and energy efficiencies of these DCL processes were compared with RC process to determine RC process
performance. Following are the main differences between RC process and other DCL processes:

1. The RC process’s main output was isotropic pitch. However, the Shenhua plant and NETL-DOE
processes produced hydrocarbon liquids such as gasoline and diesel in lieu of isotropic pitch.

2. None of the DCL processes necessitated the use of an external thermal energy source for the
liquefaction unit. The thermal energy requirement was completely met through combustion of
recycled product gas such as pyrolytic gas (for the RC process) or fuel gas (for the NETL-DOE
process).

3. The energy efficiency comparison of the RC process with other DCL processes was estimated by
using the energy recovered in commercially valuable products (e.g., pitch, gasoline, diesel) as a share
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of input raw materials (coal and H,) based on their mass balance estimates as shown in Figure 5,6 and
7 as follows:

Output Mass Ef ficiency (%)
(Mass of all inputs — Mass of emissions, losses exiting the analysis boundary

N Mass of all inputs entering the process

)x 100

Output Energy Efficiency (%)
Energy of all inputs — Energy of emissions, losses exiting the process

- ( Energy of all inputs entering the process )x 100

The mass and energy efficiency comparison of three DCL processes (as shown in Table 5) indicates
differing mass efficiencies (in terms of moisture, ash-free coal (maf)). The mass efficiencies of RC and
the Shenhua plant processes were similar around 53%, but for NETL-DOE process, the efficiency was
higher at 66% owing to higher mass conversion attainable in the process. The mass conversion efficiency
to distillate products (C3 products and higher) was higher in the case of the NETL-DOE process because
of the use of a more advanced and recent liquefaction technology—the ebullated-bed reactor system. This
system overcomes issues with fixed bed catalyst reactor system (used in the Shenhua process) and
increases the conversion yield through higher catalyst activity. This system, owing to its fluidized system,
has steady catalyst activity and reaction selectivities insensitive to temperature changes as was observed
in the case of a fixed bed reactor system used in the Shenhua process that resulted in in declining catalyst
activity and conversion [47]. Despite its higher mass efficiency, the energy efficiency of NETL-DOE
process was lower than the RC process but relatively higher than the Shenhua plant process as shown in
Table 5.

Table 5. Mass and energy efficiency of direct coal conversion of valuable commercial products.

Sr. Output mass efficiency | Output energy efficiency
0. Process (%) (%)
RC (includes DCL + refining units) 55.6% 87.4%
2 | Shenhua (includes DCL + refining units)— 50.1% 67.4%
only distillate products (C3 and above)
3 |NETL-DOE (includes DCL + refining 65.9% 76.4%
units)—only distillate products (C3 and
above)

The output energy efficiency of the DCL-based RC process is the highest among the three DCL
processes. The pitch-based manufacturing process (i.e., RC) appears to be more energy efficient
compared with the remaining two transportation fuel output-based processes but possesses mass
efficiency that lies between the other two transportation fuel-based DCL processes. Because
transportation fuels possess a lower C/H ratio than pitch, the energy process efficiencies decrease with the
additional lower mass H, to coal. Furthermore, the differences seem significantly larger for energy
efficiency compared with mass efficiency.

The energy demand (thermal and electrical) normalized on a per unit mass of input raw coal basis was

estimated for the three direct coal conversion technologies as shown in Figure 8 based on assumptions in
cases of unavailable data. The thermal energy demand data for Shenhua process were assumed to be
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average values of the two other DCL processes (RC and NETL-DOE). Owing to differences in
manufacturing technology, the energy demands were different for the DCL processes. The energy
demand of Shenhua plant was observed to be the highest at 7.24 MJ/kg input coal because of higher
electrical demand than any other DCL processes. The thermal energy demand of all three DCL processes
was met internally through the combustion of recycled product gas such as fuel gas or pyrolytic gas. The
pitch-based process (i.e., RC) seemed to be more energy efficient, and the largest share of its energy
footprint was due to electricity use. On the other hand, the two hydrocarbon fuels—based processes are
relatively energy-intensive. The Shenhua plant total energy demand was the highest and more than 61%
of the total demand was met by electricity. From an energy standpoint, the RC process appears to be the
most efficient among the three DCL processes considered here.

2.4 PITCH MANUFACTURING EMBODIED ENERGY

The embodied energy estimates of two pitch manufacturing processes, RC and conventional coke
manufacturing, were made using the on-site processing estimates (as discussed) in addition to energy
associated with the bill of materials used in the manufacturing process. Embodied energy can be defined
as the entire energy associated with the manufacturing of a product that comprises energy consumed in
each stage of a product lifecycle beginning from raw material acquisition, processing, manufacturing,
transportation, and distribution. Embodied energy is one of the widely used for the life cycle energy and
environmental impact analysis.

The embodied energy estimates per unit mass of desired product pitch manufacturing for two different
production processes were made based on the following information and shown in Figure 9.

1. Embodied energy (MJ) contributions of individual raw material inputs were estimated based on the
respective input materials’ embodied energy (MJ/kg) and the material consumption value (kg). The
embodied energy contributions of all input raw materials were aggregated to determine the net total
embodied energy of raw materials.

2. The net input embodied energy was allocated to each final product based on each product’s respective
net heating value. In prior literature studies, the allotment of embodied energy of a product was done
based on the product of mass and its commercial [48] or net heating value [49].

3. Based on mass and embodied energy of products, the mass specific embodied energy (MJ/kg) was
computed for each product.

Calculate net input embodied Allocate net input embodied

energy estimated based on energy (MJ) to each product (ST (e

embodied energy (MJ/kg)
of each product.

respective materials' mass (kg) and based on respective
embodied energy values (MJ/kg). component's net heating values.

Figure 9. Pitch carbon fiber manufacturing embodied energy calculation methodology.
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2.5 CONVENTIONAL METALLURGICAL COKE MANUFACTURING PROCESS

Most commercial coal tar pitch is produced today as a by-product of the coke manufacturing process.
Therefore, this process was chosen as the baseline reference for a comparison with the ongoing
development of the RC process. The material and energy balance of the coke-making process was
estimated based on literature studies that produced 1 kg of isotropic pitch [49], [50]. The pitch production
process is conventionally conducted via two major steps. Coal tar gets produced in the first step and gets
subsequently distilled in the second step to produce isotropic pitch. The material and embodied energy
input distribution of both these process steps is shown in Table 6 and Table 7 respectively. In case of coke
manufacturing process, nearly all the input embodied energy was observed to be sourced from coal
whereas on-site processing energy (i.e., electricity, steam) contributed less than 1% of the total input
embodied energy. A high share of coal energy to the coke manufacturing indicates a strong dependence of
the coal type and its energy content. Similar to the coke manufacturing process, most of the input
embodied energy in coal tar distillation process was observed to be sourced from coal tar as the on-site
processing energy (i.e., natural gas) requirement was revealed to be minimal.

Table 6. Embodied energy of traditional coke manufacturing process.

Isl(l; Input component Amount Unitef:;bg(;died Net embodied energy (MJ)
1 |Coal 57.14 kg 32 MJ/kg 1,828.48
2 | Electricity 1.48 kWh 9 MJ/kWh 13.32
3 | Steam 10.85 kg 3.3 MJ/kg 0.89
Total 1842.69

Table 7 Embodied energy of inputs of coal tar distillation process.

Sr. Input component Amount Unit embodied Net embodied energy (MJ)
no. energy
1| Coal tar 2 kg 38.37 MJ/kg 76.75
2 |Natural gas (coal tar 0.025 kg [51] 57.34 MJ/kg 1.43
distillation)
Total 78.18

Because the main objective of the process is coke manufacturing used in the integrated steel making, coke
contributed to ~80% of the total output mass, while the share was only 3.51% for the by-product coal tar
of interest as shown in Table 8. Total embodied energy distribution among four major outputs was
determined based on each component’s unit net heating value (MJ/kg). The distribution showed a strong
dependence on the product mass as the products possessed nearly similar mass specific embodied energy
values (MJ/kg) (Table 8). For instance, owing to high mass production of coke, nearly 72% of the input
embodied energy was apportioned to it while low shares were attributed to other products because of their
lower output mass. Owing to their relatively lower mass production values, the shares of net input
embodied energy attributed to other by-products such as coke oven gas, coal tar, and benzene were
observed to be low at 22%, 4.16%, 1.27%, , respectively.

Table 8. Mass and embodied energy breakdown of traditional coke manufacturing outputs.

Sr. Output Amount | Mass | Component Net Al};sz::‘on en{g([)):llite d Embodied
no. component (kg) (%) specific heating based on energy energy per
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heating value | value net heating | allocation | unit mass

MJ/kg) M) value (%) M) (MJ/kg)
1 |Metallurgical |45.71 80 28.43 [52] 1,299.53 |72.43 1,334.66 29.15

coke
2 |Coke oven gas |8.85 15.5 44.95 [52] 397.80 22.12 407.91 46.09
3 |Coal tar 2 3.51 37 74 4.18 76.75 38.37
4 |Benzene 0.57 0.99 40 [40] 22.8 1.27 23.37 41.01
Total 57.13 100 — 1,794.13 |100 1,842.69 —

Despite the large differences in the allocated values of the input embodied energy (MJ) for each product,
the mass specific embodied energy value (MJ/kg) of each product was similar to the respective product’s
specific net heating value (MJ/kg). For instance, coke’s mass specific embodied energy value at

29.15 MJ/kg was similar to its net heating value at 28.43 MJ/kg as shown in Table 8. This is because the
total input embodied energy value (1,844.43 MJ) was similar to the total net heating value of all products
(1,798.29 MJ). The calculation methodology (Figure 9) eventually assigns the mass specific embodied
energy to each product based on a common proportionality ratio (sum of embodied energy/sum of net
heating values) and the respective net product heating value. The larger the proportionality ratio, the
larger the observed difference was between the product net heating value and its respective embodied
energy. Since the proportionality constant was almost unity in the case of coke manufacturing, the mass
specific embodied energy values were similar to their respective net calorific values of product species.
The embodied energy of coke obtained in this work at 29 MJ/kg was similar to the literature value of 31—
35 MJ/kg [53].

The mass and embodied energy breakdown of the outputs of coal tar distillation process is illustrated in
Table 9. Nearly half of the coal tar tar’s input embodied energy was apportioned to isotropic pitch owing
to its relatively higher mass yield than other products. The pitch mass specific embodied energy for the
coal tar distillation process was estimated to be 37.88 MJ/kg.

Table 9 Mass and embodied energy breakdown of coal tar distillation outputs.

Sr. | Output Amount | Mass Component | Net Allocation | Input Embodied

No. | component (kg) (%) specific heating factor embodied | energy
heating value based on | energy per unit
value M net allocation | mass
MlJ/kg) heating ™MD (MJ/kg)

value (%)

1. Isotropic Pitch 1.0 50.50 37.5 [40] 37.5 48.46 37.88 37.88

2. Coal Tar Oil 0.74 37.37 40.75[40] | 30.15 38.97 30.47 41.17

3. Naphthalene 0.2 10.10 40.48 [40] | 8.09 10.45 7.82 39.1

4. Benzene— 0.04 2.03 40.75[40] | 1.63 2.12 2.01 50.25

toluene—xylene
Total 1.98 100 - 77.37 100 78.18 -
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2.6 EMBODIED ENERGY OF RC COAL PITCH TAR MANUFACTURING

The material and energy balances of the previously discussed RC process were used for an embodied
energy balance estimation per kilogram of isotropic pitch manufacturing. Based on the input material and
its embodied energy content, the total input embodied energy distribution of 212.4 MJ was conducted for
the RC catalytic hydrogenation reactor process as shown in Table 10. The embodied energy distribution
of input raw materials revealed that nearly 90% of the total input embodied energy share was attributed to
input materials (i.e., coal and natural gas), while the remaining 10% of the energy demand (i.e., natural
gas input to H, production and electricity) was due to meet process energy requirements Within materials,
most of the embodied energy contribution (nearly 80%) was attributed to coal owing to its relatively high
material amount usage over other input material, i.e. Natural gas. Consequently, the contribution of
natural gas to total input embodied energy was relatively low owing to low material contribution despite
possessing nearly twice the component unit embodied energy (MJ/kg) as that of coal. A similar
observation was also made in the case of on-site energy contributions to input embodied energy; the high
share was due to electricity despite its lower component unit embodied energy, 22.23 MJ with a lower
energy content of 9 MJ/kWh. Similarly, natural gas’ contribution to net input embodied energy was only
5.44 MJ, due to higher component unit embodied energy of 57.34 MJ/kg but at a input consumption
amount (0.095 kg), as illustrated in Table 10.

Table 10. Coal pitch tar input embodied energy distribution of the RC process (includes reactor and refining

units).

ISIZ Input component Amount fn?;:) ﬂ?;l;z;::gl; Net emb(ol\(/ili;)d energy
Coal 4.76 kg 32 Ml/kg 152.32

2 | Electricity 2.47 kWh 9 MJ/kWh 22.23

3 Natural gas (as material input to 0.564 kg 57.34 MJ/kg 32.34
produce H,)

4 | Natural gas (as energy input to 0.095 kg 57.34 MJ/kg 5.44
produce H,)

Total 212.4

The mass distribution of the RC process output stream is illustrated in Table 11 along with embodied
energy and net heating values [54]. It should be noted that the products stated in Table 9 are the final
products emanating from the process that includes reactor and refining (distillation) units as illustrated in
Figure 5. The reactor products get subsequently distilled to produce isotropic pitch. Net heating values
have been used for the allocation basis of total input embodied energy among various products. The
embodied energy allocation among major reactor products includes distillate, isotropic pitch, pyrolytic
gas, and char. In comparison with the total energy input between the two pitch fiber manufacturing
pathways (1 kg pitch basis), the RC pathway is ~13 times and ~9 times less intensive in terms of input
total net heating value and input embodied energy, respectively, than the conventional coke
manufacturing as depicted in Tables 7 and 9. The total amount of products obtained in the former
pathway is thereby also smaller with higher specific product heating values than in the latter pathway.
Estimated RC unit product embodied energies were mostly in the range of 40-60 MJ/kg compared with
the coke manufacturing value of 40 MJ/kg. However, there are only two major amounts of net heating
value products: metallurgical coke and coke oven gas with a combined share ~94% of the total in the
latter case. In terms of net heating value, only three out of four major final products in the RC process
possess most of the share of embodied value of products. Overall, the resulting unit pitch embodied
energy of RC manufacturing is estimated to be ~56 MJ/kg compared with ~39 MJ/kg by coke
manufacturing.
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Table 11. Embodied energy distribution of the process products of RC process (includes reactor and refining

units)
Unit Total energy | Allocation
Total . . .
component allocation of input | Embodied
Sr. Output Amount | Mass . component .
o heating . factor based | embodied energy
no. | component (kg) (%) net heating .
value value (MJ) on net heating | energy MJ/kg)
(MJ/kg) value (%) MJ)
1 |Isotropic Pitch 1 15.72 | 37.5[50] 37.5 26.26 55.79 55.79
2 |Distillate 1.57 24.68 | 41.24 [55] 64.74 45.33 96.27 61.31
3 |Pyrolytic gas 0.57 8.96 8 [56] 4.56 3.19 6.77 11.87
4 |Char 1.28 20.12 | 28.13 [57] 36 25.21 53.56 41.84
5 |Mass losses, 1.94 30.50 — — — — —
emissions
Total 6.36 100 — 142.8 100 2124 —

2.7 COMPARISON OF PITCH EMBODIED ENERGY MANUFACTURING

Prior to allocating embodied energy between products, the highest input embodied energy to produce 1 kg
of pitch was revealed in the case of coke manufacturing at 1,844.43 MJ/kg and was nearly 9 times that of
RC process (Figure 10). The embodied energy of coke manufacturing was high because of a low coal
mass conversion yield of 2%. The lower the conversion yield, the higher the demand of raw materials was
to produce pitch, thereby contributing to high raw material input embodied energy. The embodied energy
values depicted in Figure 10 is if all the embodied energy of raw materials are allocated to only 1 kg of

pitch.
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Figure 10. Comparison of net input embodied energy per 1 kg of pitch via two different processes

(without allocation of embodied energy between products).

After allocating the input embodied energy between products, the embodied energy of producing 1 kg of
pitch varied widely with respect to manufacturing process as illustrated in Figure 11. Despite the highest
input embodied energy of coke manufacturing process at nearly 1,844.43 MJ (Figure 10), 1 kg of pitch
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produced from it possessed the lowest embodied energy at 39 MJ (Figure 11). Pitch produced from coke
manufacturing process possessed lowest embodied energy as the input contributions from other materials
and on-site energy were negligible owing to their low usage. However, these contributions existed in the
case of the RC process and were nearly 16% of the pitch embodied energy.

In the two processes, the maximum embodied energy contribution to pitch resulted from coal with a
similar value of 38 MJ/kg of pitch as observed in Figure 11. This suggests that the coal contribution to the
embodied pitch energy is insensitive to the manufacturing process. Therefore, regardless of the coal
conversion yield, coal will contribute to ~38 MJ/kg of the pitch embodied energy. For both pitch
production processes, the contributions of material and energy were found to be different owing to the
difference in mass and energy demands. For instance, the contribution of on-site energy (thermal and
electrical) was negligible for the coke manufacturing process (Figure 11). However, for the RC process,
the share of on-site energy contribution to the embodied pitch energy was relatively high at 13%. The
contributions were high for the RC process because of its relatively high energy demand to produce 1 kg
of pitch as depicted in Figure 8.
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Coal conversion to pitch,
by mass (%)
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Embodied energy of all raw materials to
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Coke production (includes coal tar Ramaco Carbon's DCL process
distillation process)

s Input coal W Input other materials Input energy ---3--- Coal to pitch conversion (2nd y-axis)

Figure 11. Comparison of unit pitch embodied energy and input material and energy distribution
of two pitch manufacturing processes.

2.8 PITCH CARBON FIBER EMBODIED MANUFACTURING ENERGY

Cradle-to-gate embodied energy of coal pitch fiber manufacturing was estimated using the materials and
on-site energy (bill of materials [BOM]) at three major process steps, starting with the initial conversion
of raw coal to mesophase pitch via the RC DCL technology, followed by melt spinning to the mesophase
pitch fiber precursor, and finally the multi-step continuous fiber conversion process. Table 12 shows the
BOM at three major stages of pitch carbon fiber manufacturing, where the latter two manufacturing stage
estimates (i.e., the mesophase pitch precursor and the final pitch fiber conversion) are based on the cost
modeling results discussed earlier. Using the BOM embodied energy estimates from the commercial life
cycle inventory databases in SimaPro life cycle analysis commercial software, embodied energy by each
major process stage was estimated.

Table 12. BOM at three major stages of RC cradle-to-gate coal pitch fiber manufacturing.

Input parameter Amount Output embodied energy (MJ/kg) |
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| (per kg of output) |
RC liquefaction output
Bituminous coal 4.76 kg
Natural gas 37.8 MJ 230
Electricity 2.47 kWh
Mesophase pitch fiber precursor
RC liquefaction output 0.35kg m
Electricity 2.79 kWh
Coal pitch carbon fiber
Mesophase pitch precursor 1.36 kg
Ammonium bicarbonate 0.01 kg
Epoxy resin 0.05 kg
Nitrogen (Liquid) 10.2 kg 487
Compressed air 0.103 ft
Steam 0.88 kg
Natural gas 11.3 ft?
Electricity 19.5 kWh

Assuming 21 wt % isotropic yield from the RC DCL liquefaction output followed by 60 wt.% yield of its
conversion to the mesophase pitch and melt-spinning into the mesophase pitch precursor for the final
pitch carbon fiber manufacturing—results in a 0.13 kg of raw coal requirement per kilogram of the
mesophase pitch for the precursor melt-spinning fiber precursor. An additional energy of 2.24 kWh/kg of
precursor has been estimated for this step from the melt spinning cost modeling as discussed earlier.
Similarly, assuming chemical and mechanical yields at the final carbon fiber conversion step of 83% and
89%, respectively, 1.36 kg of precursor per kilogram of pitch carbon fiber is necessary. Embodied energy
of pitch carbon fiber is estimated to be 487 MJ/kg, significantly increased higher than 80 MJ/kg due to
necessary large amount of precursor and the additional 19.5 kWh/kg on-site electricity use for the fiber
conversion.

Figure 12 shows the comparison of embodied energy estimates for three major carbon fiber
manufacturing pathways (i.e., conventional PAN, coke by-product coal pitch, and RC liquefaction coal
pitch) at three major levels of processing steps in terms of per kilogram of final carbon fiber. The
conventional PAN pathway for carbon fiber pathway energy breakdown of 1,188 MJ/kg is based on the
latest Oak Ridge National Laboratory life cycle analysis using the detailed BOM data as shown in Table
12 for the coal pitch carbon fiber. The contribution of energy at each stage of fiber increases with the use
of additional BOM and the process efficiency, and the largest increase occurs at the last fiber conversion
stage (i.e., precursor to fiber). A small initial energy difference between the two-pitch fiber raw
precursors—39 MJ/kg for coke by-product vs. 56 MJ/kg for the RC liquefaction (as estimated earlier)
while maintaining the similar processing in the follow-on two processing steps—results in a slightly
higher RC liquefaction final energy of 487 MJ/kg compared with 472 MJ/kg. A significantly higher 74%
pitch fiber conversion yield results in 2.4 to 2.5 times lower than the conventional 45% yield PAN fiber
energy of 1,188 MJ/kg as shown in Figure 12.
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Figure 12. Comparative conventional and coal pitch carbon embodied energy (MJ/kg of carbon fiber).
2.9 PITCH CARBON FIBER MANUFACTURING EMISSIONS

The coal tar pitch manufacturing emissions analysis was considered only for the RC DCL plant by using
the facility permissible pollutants emissions information data submitted for its air permit submission to
the local government authority in 2019 by Domestic Synthetic Fuels I for a DCL coal to liquids facility
[58]. The capacity of the facility was 2,500 US tons of coal per day and primarily produced gasoline,
diesel fuel, naphtha, and liquefied petroleum gas. The air permit application of the facility revealed 17
pollutant emissions by the facility. These pollutant values represent the maximum values that can be
emitted by the facility manufacturing equipment as estimated by respective manufacturers. This facility
was chosen to represent the RC process that produces 1 kg of pitch per 4.76 kg of coal with a 21%
conversion yield as shown in Figure 5.

To estimate emissions, the analysis boundary was chosen to include four sections: coal handling, H,
production, H-coal, and utilities as depicted in Figure 13. The H-coal section comprises a technology that
liquefies coal to produce pitch that is commercialized by Headwaters Technology Innovation (HTI) Inc.
The H-section comprises a two-stage reactor system that liquefies coal to produce transportation liquids
and comprises an isothermal ebulliated bed reactor system that facilitates contact among catalyst particles,
pulverized coal, and the H, donor solvent. The catalyst is recirculated with the assistance of a pump.
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Figure 13. Simplified process flow diagram of DCL facility in West Virginia, USA.

The emissions analysis boundary excluded the facility’s product upgrading section that comprises a liquid
refining section as the focus of the analysis to estimate emissions for RC process that produced 1 kg of
pitch in place of liquid fuels. However, since the facility excluded the coal tar distillation unit, the
emissions information regarding the coal tar distillation unit was secured from the air permit application
submitted by Coopers Creek Chemical Corporation in 2020 [59]. The facility possessed an annual
capacity to distill 31,797 metric tonnes of crude coal tar along with crude petroleum tar of 4,279 metric
tonnes and decant oil of 12,421 metric tonnes. The facility products include coal tar, coal tar pitch, coal
tar pitch cutbacks, distillate oils, and creosote. The air permit application of the coal tar distillation facility
revealed maximum values of only six pollutants emitted by the facility, namely SOx, PMr, (Particulate
matter), volatile organic compounds, TotalHAPs (hazardous air pollutants), NOx, and individual HAPs.
The information regarding other pollutant categories was excluded from the analyses because of data
unavailability. Typically, NOx and SOx are main pollutants of concern with regard to coal processing
facilities, and these pollutants were considered in this analysis.

The four major sections of RC process emissions breakdown by major pollutants per 1 kg of pitch of the
RC process are illustrated in Figure 14. Of all the pollutants, PMr,, was emitted in the largest quantity.
The amount of PMr,, was revealed to be nearly 2 g/kg of pitch with the largest contribution made by
coal tar distillation section within the plant at 82%, followed by sections of utilities (7%), H, production
(5%), coal handling (4%), and H-coal section (2%). Despite the reactor (H-coal section) lying at the core
of the process plant, its share in the total plant’s PMr, emissions was observed to be the lowest whereas
the coal tar distillation unit’s share was revealed to be the highest. This indicates that from a PMryy
standpoint, the coal tar distillation unit was the largest emitter among all units. In the case of pollutant
categories such as NOx, volatile organic compounds, and TotalHAPs, the coal tar distillation unit was the
largest source of emissions among all plant sections. The pollutant contribution of other plant sections
such as H-coal, H, production, coal handling, and utilities were considerably lower relative to the coal tar
distillation unit. This was expected because the coal tar distillation is typically carried out near to 100 °C—
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300 °C with the exact temperature depending on the desired final product distribution. Owing to such a
high temperature, the volatile constituents within coal’s aromatic structure get emitted. It should be noted
that the end product from the coal tar distillation unit is isotropic pitch and therefore emissions from
isotropic pitch to mesophase pitch conversion process were not captured in this work due to data
unavailability.
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Figure 14. Section-wise breakdown of emissions by RC DCL manufacturing process by major pollutant types.

The hydrocarbons such as n-Hexane, benzene, toluene, ethyl benzene, and xylene were also observed to
be present in minor quantities as illustrated in Figure 14. However, these aromatic hydrocarbons were
primarily produced by the H, production and utilities sections (71% of total plant’s share) while the
remaining plant sections that processed coal were relatively minor emitters. It should be noted that
emissions of aromatic hydrocarbon were not considered for coal tar distillation unit due to data
unavailability.

2.10 PAH CONTENT AND EMISSIONS IN COAL PITCH MANUFACTURING

Coal is a complex heterogenous mixture composed of organic and inorganic materials along with
presence of trace elements such as arsenic, selenium, and mercury. One of the major emissions concerns
during coal combustion, coking, and pyrolysis is PAHs as mentioned with PMr,,;, NOX, and volatile
organic compounds. They are toxic in nature and can adversely affect human health. Typically, coal
comprises of over one hundred different types of PAHs. Of these, EPA has identified 16 toxic and
hazardous to human life PAHs (EPA-PAHSs) as priority pollutants: naphthalene, acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene, benzo[a]anthracene,
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno(1,2,3-c,d)pyrene,
benzo(g,h,i)perylene, and dibenzo(a,h)anthracene [60].

The total PAH and EPA-PAH concentrations within coal can vary widely depending on the its rank
determined by its vitrinite reflectance (%) and source location. Vitrinite reflectance is defined as the
proportion of incident light reflected from vitrinite maceral of the coal under high magnification in oil
immersion. Total PAH concentration variation with vitrinite reflectance shows a bell-shaped trend, which
increases with vitrinite reflectance for peat and brown coal types, whereas for hard and anthracite coal
types, its concentration decreases with vitrinite reflectance values greater than 1.0% [61] [62] [52]. The
variation of EPA-PAH concentration with vitrinite reflectance shows a similar trend, but its
corresponding values are lower than total PAH, as expected.
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Total PAH and EPA-PAH concentrations for different types of US coal are depicted in Table 13. As
stated previously, a correlation is absent between PAH concentration and coal rank. However, for similar
coal origins and types, certain resemblances may exist. For instance, the total PAH and EPA-PAH
concentrations of lignite were similar around mean values of 7.5 and 1.1 mg/kg respectively due to
common origin source (Northern Great Plains). A similar observation can also be seen in the case of
subbituminous coals as their total PAH concentrations were around 11mg/kg because of their common
origin source. From only the standpoint of EPA-PAH concentration, anthracite coals appear to possess the
lowest total concentration among all coal ranks (Table 13) at values lower than 0.1 mg/kg of coal and the
most suitable rank of coal for pitch production. However, in the case of bituminous coals, the
concentration can vary significantly between 0.1 to 8.2 mg/kg of coal depending on location as depicted
in Table 13. Along with anthracite coals, bituminous coals with low EPA-PAH concentrations at 0.1
mg/kg of coal can be also considered as coals for pitch production.

Table 13. Total PAH and EPA-PAH concentrations in different US raw coal types [52].

Sr Coal name Total PAHs EPA-PAHs
no. (mg/kg coal) (mg/kg coal)
1 Lignite A, Northern Great Plains, Beulah, USA 8.5 1.2
2 | Lignite A, Northern Great Plains, Pust, USA 6.5 1
3 Sub-bituminous coal C, Northern Great Plains, Smith-Roland, USA 12 0.1
4 Sub-bituminous coal C, Gulf Coast, Bottom, USA 14 1.6
5 Sub-bituminous coal B, Northern Great Plains, Dietz, USA 14 0.8
6 Sub-bituminous coal B, Northern Great Plains, Wyodak, USA 5.4 0.3
7 | Sub-bituminous coal A, Rocky Mountains, Deadman, USA 12 1.5
8 | Highly volatile bituminous coal C, Rocky Mountains, Blue, USA 77 53
9 |Highly volatile bituminous coal B, Eastern Coal, Ohio #4A, USA 60 8.2
10 |Highly volatile bituminous coal A, Rocky Mountains, Blind 78 4.4
Canyon, USA
11 |Highly volatile bituminous coal A, Eastern Coal, Pittsburgh, USA 76 11
12 | Medium-volatility bituminous coal, Rocky Mountains, Coal Basin 29 1.8
M, USA
13 | Low volatile bituminous coal, Eastern Coal, Pocahontas #3, USA 20 3.8
14 | Semianthracite, Eastern Coal, PA Semi-Anth. C, USA 5.9 2.1
15 | Anthracite, Eastern Coal, Lykens Valley #2, USA 0.2 <0.1
16 |Highly volatile bituminous coal, Blind Canyon, USA 78.3 —
17 |Highly volatile bituminous coal C-1, USA 7.5 0.5
18 | Highly volatile bituminous coal C-2, USA 34 0.4
19 | Highly volatile bituminous coal C-3, USA 2.4 0.3
20 |Highly volatile bituminous coal B-1, USA 1.6 0.3
21 |Highly volatile bituminous coal B-2, USA 12.7 2.4
22 |Highly volatile bituminous coal A-1, USA 13.7 5.4
23 |Highly volatile bituminous coal A-2, USA 27.6 6.4
24 | Low-volatility bituminous coal, USA 1.2 0.3

Afanasov et al. conducted a quantitative analysis through gas chromatography—mass spectrometry
techniques and determined the EPA-PAH concentration in three types of coal tar pitch [63]. The pitch
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source varied as pitch type 1 was procured from JSC Mittal Steel Temirtau whereas pitch types 2 and 3
were procured from OAO Altai-Koks. Both the facilities primarily generated coke while pitch was only a
by-product. The properties of these three types of coal tar pitch are depicted in Table 14. The PAH
emissions were obtained using the solvent extraction and ultrasound extraction methods. Chemical
properties of the three pitch types were very similar because of their similar coal rank (bituminous), with
a slight variation in the case of pitch type 3.

Table 14. Properties of three different types of coal tar pitch [62].

Sr. no. Pitch property Pitch 1 Pitch 2 Pitch 3
1 Origin coal rank Metallurgical Bituminous Bituminous
(bituminous)

2 Softening point (°C) 90 90 63

3 Insoluble weight fraction in toluene (%) 31 33 19

4 Insoluble weight fraction in quinoline (%) 6 8 5

5 Ash weight fraction (%) 0.1 0.1 0.1

6 Coke residue weight fraction (%) 57 58 57

7 Volatiles weight fraction (%) 57 55 65

The concentrations of EPA-PAHs in the three types of coal tar pitches are depicted in Figure 15. The
PAH concentration differed among pitches with respect to PAH molecular weights with notable
similarities observed in pitch types 2 and 3. For instance, the concentration of high-molecular weight
PAHs (chrysene, benzo[b]fluoran-thene, benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-c,d]pyrene,
dibenzo[a,h]anthracene, andbenzo[g,h,i]perylene) were similar to pitch types 2 and 3 despite their
dissimilar origins and pitch properties. However, the concentration of low—molecular weight PAHs
(naphthalene, acenaphthene, phenanthrene, fluorene,and anthracene) differed considerably with respect to
pitch types as was revealed in Figure 15. Furthermore, the total concentration of intermediate PAHs
(flouranthene, pyrene, benzo[a]anthracene) were observed to be typically higher than low— and high—
molecular weight PAHs in all three pitch types.
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Figure 15 Concentration of EPA-PAHs in three coal tar pitch samples [63].
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Toxic equivalency factor is a commonly used metric to assess the occupational and environmental health
risks of pollutants, and these values for EPA-PAHs are illustrated in Table 15. The toxicity level of high—
molecular weight PAHs (i.e., benzo(a)pyrene and dibenz(a,h)anthracene) was deemed to be highest
followed by low—molecular weight PAHs such as benz(a)anthracene and pyrene.

Table 15. Toxic equivalency factors of EPA-PAHs [64].

Sr. no. EPA-PAH Toxic equivalency factor value
1 Napthalene 1 %103
2 Acenaphthene 1 %1073
3 Acenaphthylene 1 %1073
4 Fluorene 1 %1073
5 Phenanthrene 1 x1073
6 Anthracene 1 x 102
7 Fluoranthene 1 %1073
8 Pyrene 1x103
9 Benz(a)anthracene 1 x 10!
10 Chrysene 1 x 1072
11 Benzo(b)fluoranthene 1 x 10!
12 Benzo(k)fluoranthene 1 x 10!
13 Benzo(a)pyrene 1
14 Ideno(1,2,3-cd)pyrene 1 x10"!
15 Dibenz(a,h)anthracene 1
16 Benzo(g,h,i)perylene 1 %1072

US government agencies such as the Occupational Safety and Health Administration (OSHA) and EPA
have established certain workplace air and water emission standards for PAHs as depicted in Table 16.
The US government agencies specify standards for total PAH emissions but do not provide information
regarding the breakdown of species-specific emission limits for air as observed in the case of water
contaminants. The total PAHs concentration in workplace air was observed to lie between 0.1 and 0.2
mg/m3 while the maximum level of contaminants in water typically lies between 1x10* mg/L and 3x10*
mg/L, depending on specific PAH species as shown in Table 16.

Table 16. Standards and regulations for PAH exposure. [65].

Sr. no. Parameter Agency Area focus Standards value

1 Threshold limit American Workplace air 0.2 mg/m? for benzene-soluble coal
value of Conference of tar pitch fraction
concentration Governmental

Industrial Hygienists

2 Recommended National Institute for | Workplace air 0.1 mg/m? for coal tar pitch volatile
airborne exposure |Occupational Safety agents
limit and Health
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3 Legal airborne Occupational Safety | Workplace air 0.2 mg/m? for benzene-soluble coal

permissible and Health tar pitch fraction
exposure limit Administration
4 Maximum EPA Water 1 x 10* mg/L for benz(a)anthracene;
contaminant level contamination 2 x 10* mg/L for benzo(a)pyrene,
benzo(b)fluoranthene,

benzo(k)fluoranthene, and chrysene;
3 x 10* mg/L for
dibenz(a,h)anthracene; and

3 x 10** mg/L for indenol (1,2,3-
c,d)pyrene

2.11 OTHER TOXIC POLLUTANTS OCCURRING IN COAL

Aside from major coal constituent elements (carbon, H,, oxygen, and sulfur), minor elements and trace
elements also form an integral part of the coal structure. The minor elements typically constitute nearly
0.1-1 wt % of coal while the concentration of trace elements occur in 100 parts per million or less [66].
As illustrated in Figure 16, the common minor elements present in coal comprise sodium, magnesium,
aluminum, etc., whereas trace elements comprise lithium, beryllium, and so on.
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Figure 16. Major, minor, and trace constituent elements of coal [66].

Coal also constitutes 15 trace elements officially designated as hazardous by EPA that are termed as
HAPs in Figure 16. Of these 15 HAPs, only mercury emissions from coal-fired power plants have been
regulated and monitored by EPA because of their adverse effects on human health. Aside from mercury,
exposure, other trace elements such as zinc and chromium can be also be hazardous to human life [67].
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2.12 OTHER TOXIC POLLUTANTS OCCURRING IN COAL

Similar to the comparative embodied carbon fiber manufacturing energy analysis, emission impacts of
carbon fiber manufacturing at the level of 12 major impact categories based on the TRACI 2.1 life cycle
analysis impact assessment method in SimaPro software. Various types of pollutant emissions at the level
of isotropic coal pitch manufacturing were only considered. For two other major carbon fiber
manufacturing steps (fiber precursor and final fiber manufacturing), limited similar process emissions for
both pitch and PAN carbon fiber were used. Table 15 shows the emissions by major pollutant types per
kilogram of isotropic coal pitch (Figure 14) based on the detailed emissions data by four major tar
processing units: coal handling, H-coal, hydrogen production, and non-coal and tar distillation. The
presence of aggregated HAPs estimated in the air application permit [58] was further disaggregated by
specific chemical species to reflect differences among their human health impacts. The isotropic pitch
manufacturing shares (by weight percentage of HAPs in Figure 14) were disaggregated by 11 major HAP
chemical species similar to the available emission shares of a coal-powered electricity generation plant
based on the life cycle emissions inventory database of GaBi software [68]. All pollutant emissions but
hydrogen cyanide emissions (highlighted in Table 17) are considered in the TRACI 2.1 emission impact
assessment method.

Table 17. Major pollutant emissions of isotropic coal pitch manufacturing [58] [68].

Pollutant type Emissions (g/kg of pitch)
PMrotal 2.00E+00
PMj 2.70E-01
PM, 5 1.08E-01
CcO 2.40E-01
NOx 1.71E+00
SO, 1.09E-02
Pb 3.65E-04
Volatile organic compound 1.55E+00
n-Hexane 2.61E-02
Formaldehyde 1.46E-03
Benzene 4.17E-04
Toluene 4.17E-04
PM con 9.78E-02
Ethyl benzene 5.22E-05
Xylene 5.22E-05
HAP emissions

Mercury 1.63E-07
Antimony 5.16E-04
Beryllium 5.96E-05
Cadmium 3.19E-04
Chromium 5.46E-04
Lead 5.01E-05
Nickel 3.79E-04
Selenium 2.25E-04
Hydrogen chloride 1.45E+00
Hydrogen fluoride 2.98E-02
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Hydrogen cyanide 4.77E-07 |

Because of unavailability of species-specific PAH emissions data in the air application permit [58], the
life cycle emissions inventory of coal-powered electricity generation plants [68] was used to generate the
PAH emissions profile of the pitch production process. The individual amounts of major PAH species
were calculated based on the amounts of coal used in the pitch production process (4.76 kg) and are
displayed in Table 18 and assuming that the PAH emissions profile of the coal liquefaction process was
equal to that of the coal powered electricity generation plants. Even though more than 100 PAH species
may be emitted in coal-powered plants, only the major species (illustrated in Table 18) of PAHs
designated as hazardous by EPA [69] were assumed to be emitted in the case of pitch production. Table
18 also shows the toxicity of each PAH chemical species normalized on the basis of benzo{a}pyrene of
toxicity factor 1 (Table 15). All but 5 out of 13 PAH pollutant emissions (highlighted in Table 18) are
considered in the TRACI2.1 emission impact assessment method. Relative toxicity factors of all chemical
species (shown in the last column of Table 18) in terms of relative benzo{a}pyrene toxicity factor and
emissions amount show low environmental impacts of these five chemical species not considered in the
impact assessment.

Table 18. Major PAH pollutant emissions of isotropic coal pitch manufacturing [68] [64].

- Toxicity Toxicity
Pollutant name Emission . equivalency equivalency factor
(g/kg of pitch) factor (benzo{a}pyrene)

Acenaphthene 6.07E-02 1.00E-03 4.19E+03
Anthracene 1.33E-09 1.00E-02 9.20E-04
Benzofluoranthene 1.20E-09 1.00E-01 8.30E-03
Benzo{a}anthracene 6.78E-10 1.00E-01 4.68E-03
Benzo{a}pyrene 1.45E-08 1.00E+00 1.00E+00
Benzo {ghi}perylene 6.02E-10 1.00E-02 4.16E-04
Chrysene 1.66E-09 1.00E-02 1.14E-03
Dibenz(a)anthracene 3.75E-10 NA NA
Fluoranthene 4.36E-09 1.00E-03 3.01E-04
Fluorene 1.39E-08 1.00E-03 9.57E-04
Indeno[1,2,3-cd]pyrene 4.48E-10 1.00E-01 3.10E-03
Phenanthrene 4.42E-08 1.00E-03 3.05E-03
Acenaphthylene 9.93E-09 1.00E-03 6.86E-04

Figure 17 shows the emission impacts of coal pitch carbon fiber relative to conventional PAN carbon
fiber under 10 impact categories considered in the TRACI2.1 life cycle analysis impact assessment
method. Similar to the comparative carbon fiber embodied energy estimates discussed earlier, higher
carbon fiber conversion yield for coal pitch carbon fiber results in a 16% to 76% range of reduction in
their emission impacts among all impact categories considered. Most of the emission reduction impacts of
coal pitch carbon fiber (i.e., more than 80%) were observed under two impact categories (i.e., ozone and
fossil depletion) because of a lower amount of pitch precursor use from a higher pitch fiber conversion
yield. The emission reduction impacts of coal pitch fiber were the least under the four impact categories
(i.e., eutrophication, carcinogenic, non-carcinogenic, and respiratory effects) in the range of 24% to 40%
lower than PAN fiber. For the same reason of a higher pitch carbon conversion yield, these impacts were
lower for the detrimental environmental coal fuels industry. Although 5 out of 12 major EPA-PAHs are
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not included in the TRACI2.1 impact assessment method, however all of these PAH chemicals do not
impose a higher toxicity than the baseline benzo {a}pyrene PAH chemical as discussed earlier and shown
highlighted in Table 16. Not only the PAH controlled equipment use is limited today due to a lack of EPA
regulation enforcement, but difficulties in the conversion of actual LCA mass emissions per unit of
manufactured mass output to total EPA-PAH limit in terms of mg/m? fail to assess accurately its overall
environmental impacts. Additional environmental impact analysis of coal pitch carbon fiber
manufacturing is needed to consider the on-site manufacturing process emissions including PAH
emissions for the comparative environmental viability of new fiber manufacturing technologies.
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Figure 17. Comparative environmental emissions impacts of conventional PAN vs. coal pitch
carbon fiber manufacturing.

3. PITCH CARBON FIBER MANUFACTURING

Pitch-based high-performance fibers from commercially available pitches are technically harder. They
were first prepared from mesophase pitches derived from petroleum-based naphtha-cracking pitches. Coal
tar pitch, a by-product of metallurgical coke manufacturing for the iron/steel industry, is a potential
source of pitch carbon fiber manufacturing. The beehive process and the by-product process are the two
proven processes for manufacturing metallurgical coke. The primary method, the by-product method,
accounts for more than 98% of US coke production. In the traditional by-product method of coke wet
quenching, air is excluded from the coking chambers, and the necessary heat for coking distillation is
supplied from external combustion of some of the gas recovered from the coking process. In traditional
coke wet quenching, the quench car carries the coke to the quench tower, where the coke is deluged with
water to prevent it from burning after exposure to air (thereby mitigating airborne toxic pollutants);
therefore, no superheated steam for further use is available, unlike in the alternative coke dry quenching
method. Treated wastewater in the quenching stage and losses from burning off can be reused in this case.
With this method, in addition to 87 wt % of the major product, coke, coke oven gas (8 wt %), coal tar
pitch (4 wt %), sulfur (1 wt %), and crude benzene (1.2 wt %) are produced as valuable by-products [54].
About 40% of the coke oven gas (59 Ib) is estimated to be used as a fuel for underfiring the coke oven.
1.41 tonnes of US hard mix coal (predominantly bituminous coal) are assumed to be used to produce

1 tonne of metallurgical coke. Currently, coal tar obtained from 5.5 million tons of coal is used to produce
1,000 tons/year of carbon fiber—in addition to needle coke, pitch coke, lithium batteries, and alumina
fiber—by the Sakaide plant of Mitsubishi Chemical Corporation in Japan. [32]

Isotropic coal tar pitch, valued at $700/ton, is obtained from the by-product recovered coal tar in
metallurgical coke manufacturing. Initially, ~5% coal tar is produced. The coal tar is used to produce two
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major types of co-products (oils and pitch) after distillation. Oil by-products include naphthalene,
creosote (wood treating), and carbon black feedstock and coal tar pitch with a 50% yield. The by-product
pitch is currently used predominantly in aluminum smelter electrodes and in graphite electrodes, specialty
carbon products, pavement coatings, and refractories. Figure 18 shows a schematic process representation
of the conversion of isotopic pitch to the fiber precursor manufacturing. Isotropic by-product pitch is
upgraded to mesophase pitch necessary for pitch carbon fiber precursor production, by heating in a
nitrogen blanket of 180 L/h ((~2700 kg/h) at 400 °C for 8 h, with an ~50% yield of mesophase pitch [70].
The mesophase pitch is then converted into a fiber precursor by melt spinning, a rapid cooling and
solidification process. The pitch is heated until it melts in a closed system and is then pressed through a
spinneret to form continuous long fibers that are collected as fiber tapes (or non-woven mat) using the
classic melt spinning technology. During this process, the fiber is drawn and stretched to maintain a
certain tension to ensure molecular alignment along the fiber axis and a smaller diameter. A lower
melting point facilitates spinning at a higher speed, resulting in a lower precursor cost.

Isotropic Pitch Heating Mesophase Pitch Spinning

Coal Tar Pitch System

| Pitch Spinning System ‘

Bulk \

Material
Dumper

Figure 18. A schematic process flow mesophase coal tar pitch precursor manufacturing.

The spun fibers (green fiber) are then thermally treated in a continuous process similar to the conventional
PAN fiber manufacturing process. Green fibers are first dried to remove solvents for fugitive sizing
without any formal pretreatment and stretching necessary for conventional PAN fibers. Similar to
conventional PAN fibers manufacturing, continuous heating occurs starting with oxidation, carbonization,
and finally graphitization for an improved fiber modulus, if necessary. During carbonization in an inert
atmosphere, all non-carbon elements are removed from the fiber; it undergoes further cross-linking, and
the resulting fiber becomes a carbon fiber. Graphitization is simply carbonization at a high temperature to
improve the alignment and orientation of the crystalline regions along the fiber direction, resulting in an
increase in the carbon fiber overall modulus. The final step to improve the fiber surface properties, mainly
adhesion, is done by passing it through air, CO,, ozone, nitric acid, or sodium hypochlorite.

3.1 MESOPHASE COAL PITCH PRECURSOR MANUFACTURING COST

A carbon fiber cost model, based on a process cost modeling approach, was developed for cost estimation
at two specific stages of the final carbon fiber manufacturing process: mesophase coal pitch precursor and
final pitch carbon fiber. The cost estimates were made at the level of major sequential steps of a fiber
manufacturing process. The focus was on the cost instead of the alternative indicator price because the
latter depends on changing market supply/demand dynamics and provides no further details regarding the
major cost drivers that affect the competitiveness of a specific manufacturing technology. Cost is
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estimated at each major process step as determined by the major economic and technical processing input
parameters. The cost is further disaggregated into four major cost categories: materials, capital, labor, and
energy. Cost estimation at each process level by major cost categories helps to identify major cost drivers
at the specific process level and how each process cost by major category contributes to the final fiber
cost.

The 50,000 tow mesophase coal pitch precursor manufacturing cost was estimated at the level of two
major manufacturing steps: conversion of isotropic coal tar pitch to mesophase coal tar pitch, followed by
melt spinning of mesophase pitch to coal pitch precursor at an annual production volume manufacturing
capacity of 7,500 tonnes (Table 19). The raw material, isotropic coal tar pitch ($0.70/kg), is converted to
mesophase pitch fiber and then melt-spun. Heating of isotopic pitch was assumed to be in a conventional
15,000 gal capacity asphalt heater tank with an estimated capital cost of $0.5 million [71]. The 24 h heat-
up duty using natural gas is estimated to be 1.6 MBtu/h for the conversion of isotropic pitch to mesophase
pitch at 400 °C for 8 h in a N, atmosphere.

Table 19. Parameter assumptions to estimate carbon fiber manufacturing cost.

Parameter Value
Annual precursor production volume 7,500 tonnes/year
Isotropic pitch heating
Technology Asphalt tar heating tank
Heating temperature 400 °C for 8 hin N,
Heat-up duty 1.6 MBtu/h for 24 h
Capital investment ~$0.5M
Spinning
Technology Mono Component Spin Beam:UOY/POY
Drawn denier 1.5 g/filament/9,000 m
Holes per spinneret/position (#): 4,000
Six-position beam extruders (#): 20
Total position/spinneret (#) 120
Windup speed 230 m/min
Capital investment ~$43 million
Labor (# full-time employees) 10
Energy (kWh/kg) 2.6
Facility (ft?) 21,690

The mesophase pitch is melt-spun into a fiber precursor by using the similar mono component UOY/POY
technology depending on the fiber elongation requirements and take-up type, and the proprietary spin
beam design developed by Hills, Inc. [72]. The precursor fiber of linear density of 1.5 g/filament/9,000 m
is melt-spun at a fairly low speed of 230 m/min in a 4,000-filament spinneret/position but significantly
higher than the conventional PAN conversion line, which may be challenging to generally matched to the
oxidation line speed because of the fragile nature of the relatively small organic molecule precursor
fibers. It is assumed that a significantly higher spinneret precursor throughput will be spooled for the final
significantly lower speed fiber conversion line. A fairly low precursor output of 9.2 kg/h/position is
estimated because of the low spinning speed and a fewer number of holes per position. The total capital
cost is estimated to be $43 million for 20 beams with 6 positions per beam for a total 120 positions
necessary for an annual precursor output of 7,500 tonnes. Assuming each spinneret power rating to be 20
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kW and total annual operating hours of ~7,000 h, energy consumption is estimated to be 2.8 kWh/kg
position.

The total coal pitch precursor cost is estimated to be $4.52/kg; Figure 19 shows the total precursor cost
breakdown by major cost categories. Materials and capital have the largest cost shares of 53% and 31%,
respectively, of the total precursor cost. The high share of the former cost category is because of the
assumed current $0.70/kg cost of the available unprocessed isotropic pitch and a significantly lower 50%
conversion efficiency of isotropic to mesophase pitch. Of the two major manufacturing steps, the melt
spinning step contributes to 56% of the total precursor cost (as shown in Figure 20), which results in the
higher contribution of capital costs to the total precursor cost.

Energy,

$0.19/kg, 4%
Labor,

$0.5

Figure 19. Total coal tar pitch fiber precursor cost distribution by major cost categories.
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Figure 20. Total coal tar pitch fiber precursor cost distribution by major processing steps.

The estimated total mesophase pitch precursor cost of $4.52/kg is higher than the projected cost of
$3.30/kg for the ACP20 mesophase pitch developed by Advanced Carbon Products. The latter uses
isotropic pitch ACP10 based on a low-cost refinery oil continuous process [73]. The isotropic yield
obtained with this process was >85%, and the assumed final mesophase pitch yield of 50% was
considerably lower in this analysis. The key to driving down costs is to manufacture the isotropic and
mesophase pitch in continuous, non-batch, short-residence-time processes. Alternative cheaper sources of
raw material pitch could also significantly affect the final coal pitch precursor cost. Unlike petroleum
pitch, coal pitch has the advantage of being an abundant domestic resource with minimal market price
fluctuations. The petroleum-based chemical acrylonitrile widely used currently for commercial-grade
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carbon fibers had wide price fluctuations in the range of $748/tonne to $2,436/tonne in 2017 and 2018
[74]. Its price has declined since the peak achieved in 2011, as world oil prices decline because of the
market oversupply.

3.2 COAL PITCH CARBON FIBER MANUFACTURING COST

Coal pitch carbon fiber manufacturing of large 50,000 tow similar to the conventional PAN fiber but
significantly lower small tow pitch carbon fiber in the market today, starting with the fiber precursor
material involves 9 sequential manufacturing steps as shown in Figure 21. As discussed earlier, the coal
pitch and the commodity-grade PAN fiber manufacturing processes are similar, except the initial fiber
pretreatment is replaced with an additional graphitization step at the end of precursor heating process for
stiffness and the associated small increase in the strength of the coal pitch carbon fiber. An absence of
fiber tension requirement due to a significantly lower fiber shrinkage during its conversion process allows
to process a significantly larger amount of laid fibers instead in the form of tow bands with a required
minimum spacing in non-compartmentalized belt-type ovens. Additionally, a single combined low-
temperature and high-temperature carbonization furnace is considered. Table 20 lists the assumptions of
major processing parameters based on the communication with experts involved in the 2001 construction
of Conoco’s $125 million 1,800 tonnes/year new technology of the low-value refinery product streams
based pitch carbon fibers production facility in Ponca City, Oklahoma, USA [75]. However, that
petroleum pitch carbon fiber facility plan for the material was scrapped in 2002 when the market turned
out to be weaker than expected.
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Figure 21. Major sequential processing steps of pitch carbon fiber manufacturing. LT = low-temperature;
HT = high-temperature.

Table 20. Baseline major input parameters of 3,750 tonnes/year 50,000 tow pitch carbon fiber manufacturing.

Parameter

Value

Annual fiber production volume

50,000 tow fiber at 3,750 tonnes/year

Tow linear density

1.79 g/10,000 m/filament or 8.9 g/m

Tow spacing 20 mm
Precursor cost $3.56/kg
Line speed 7.6 m/min
Total energy 30 kWh/kg

Yield

Chemical: 0.83; Mechanical: 0.89; Total: 0.74

Furnace temperature and time

Oxidation: 400 °C for 30 min; low-temperature carbonization
temperature®: 700 °C for 0.5 min; high-temperature carbonization
temperature®: 1,400 °C for 1.0 min; graphitization temperature®: 2200
°C for 0.5 min

*In an inert atmosphere

Total labor

9 full-time employees/shift

Total capital equipment investment

$54 million (installed)
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The manufacturing process yields (both mechanical and chemical) were estimated at each sequential
process step as the product of the yields of the follow-on step and the user-input specific process step
itself, starting with the final desired annual production volume output at the final process step. A
significantly higher mechanical process yield at the large-scale commercial production scale of 89% was
assumed despite the fragile nature of pitch fibers. A resulting total combined yield of 74% was
significantly higher than PAN fibers, resulting from a higher chemical yield of ~83% achievable for pitch
carbon fibers. A significantly higher chemical yield of 74% mainly contributed to a lower 1.35 units of
pitch precursor at an estimated cost of $3.56/kg per unit of final pitch carbon fiber, compared with 2.2
units of precursor for commodity-grade carbon fiber. Both tow spacing of 20 mm and fiber line speed of
7.6 m/min were assumed to be similar to that of PAN fibers. A significantly higher linear tow density of
8.9 g/m resulted in a significantly annual output of 3,750 tonnes/year for a similar 1,500 tonnes/year
capacity PAN fiber line.

The initial precursor processing began at the limiting overall output rate of 7.9 m/min in an oxidation
oven at 400 °C for the longest processing time of 30 min. Two subsequent precursor heating cycles
occurred in a single combined low-temperature and high-temperature furnace at 700 °C for 0.5 min and
1,400 °C for 1 min, respectively, in an inert nitrogen atmosphere. A three-zone graphitization furnace of
1.5 m muffle width (3 m effective line width with laid fibers in several vertical layers) with an installed
power rating of 293 kW each (i.e., total 880 kW for a three-zone furnace), at an estimated furnace
installed cost of ~§5 million, was assumed for the additional graphitization heating step. This final
heating step occurred at 2,200 °C for 0.5 min in an inert nitrogen/argon atmosphere [76]. The total
installed capital investment was estimated to be $54 million, of which the oxidation and graphitization
heating furnaces had ~10% share each. For a highly automated continuous capital-intensive carbon fiber
manufacturing operation, the total labor force was estimated to be only 9.5 full-time employees/shift.
Total electricity consumption was estimated to be 19.5 kWh/kg, of which the oxidation process step share
is the largest at ~60%.

The baseline 50,000 tow pitch carbon fiber cost for an annual production volume of 3,750 tonnes/year
was estimated to be $10.29/kg. This is lower than the cost of the commodity-grade PAN currently
available because of a significantly lower amount of precursor material is required for pitch carbon fiber.
The estimated pitch carbon fiber cost is ~ 2X max. lower than the current PAN market price ($18/kg—
$22/kg), but several orders of magnitude lower than the limited supply of pitch carbon fiber at $88/kg—
$100/kg used for niche applications today. A significantly lower materials cost share of the pitch fiber
mainly driven by the higher manufacturing yield has the significant cost reduction opportunity in this case
over the PAN fiber. A poor economies of scale in limited supply of pitch fiber besides the consideration
of selling, general, and administrative expenses and profit margin, which are influenced by the market
supply/demand dynamics, causes its market price to be several folds higher than the estimated cost in this
analysis. A premium price of pitch carbon fiber today is due to the monopoly market, limited to a few
manufacturers satisfying the limited demand for niche applications.

Figure 22 shows the baseline carbon fiber cost distribution by major cost categories and processing steps.
Materials dominates the total fiber cost share of 61%, followed by the capital cost share of 25%, similar to
the commodity-grade PAN carbon fiber manufacturing. A higher and larger diameter pitch fiber linear
density of 8.9 g/m laid instead of spaced tow bands in non-compartmentalized heat zone batch type belt
ovens results in a higher annual output of 3,750 tonnes and therefore, their resulting impacts of economies
of scale on the fiber capital and energy cost shares. The energy cost share is similar to the labor, and the
final fiber cost is sensitive to fluctuations in electricity price, as well as to whether the manufacturing
facility is in a location with access to inexpensive electricity. The high sensitivity of fiber cost to
electricity price has driven carbon fiber manufacturers to states with low electricity costs, such as
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Washington, Wyoming, South Carolina, Alabama, Texas, and Tennessee. A potential viable location for a
coal pitch carbon fiber manufacturing facility could be in U.S. Northwestern and Southeastern States
since it would have access not only to an abundant, affordable coal supply but also to low-cost electricity.
It is also important to consider the raw material coal pitch supply locations by source (i.e., steel-making
vs. coal liquefaction), which would dictate the fiber manufacturing economics.
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Figure 22. Total coal tar pitch carbon fiber cost distribution by major cost categories and processing steps.

Precursor cost contributes ~61% of the total carbon fiber cost as shown in Figure 22. Among the major
processing steps, oxidation is the most expensive, contributing to ~11% of the total fiber cost. As
indicated earlier, oxidation is the final output-limiting conversion step because it requires the most
processing time; therefore, it is also the most capital- and energy-intensive step. The additional processing
step of graphitization, should higher final fiber stiffness be required, is estimated to contribute an
additional $0.34/kg to the final estimated pitch carbon fiber cost of $10.29/kg. The impact of this step on
the fiber economics requires further evaluation using the updated capital cost estimates of the necessary
expensive energy-intensive heating furnaces, and the associated high maintenance cost of frequent
breakdowns. An earlier study [77] estimated the final pitch carbon cost at $9.63/kg, assuming a fiber
conversion cost of $5.50/kg, based on a pitch precursor cost of $3.30/kg vs. the $4.52/kg assumed in this
analysis. The reported estimate is too optimistic for an assumed fiber conversion cost of $3.10/kg, even if
the additional graphitization processing cost is not included in that estimate.
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